Abstract: Paraquat (PQ) is a toxic non-selective herbicide. To date, the effect of PQ on memory immune response is still unknown. We investigated the impact of PQ on memory immune response. Adult C57BL/6 mice were subcutaneously injected with 2 mg/kg PQ, 20 mg/kg PQ or vehicle control every three days for two weeks. A single injection of keyhole limpet hemocyanin (KLH) at day four after the initial PQ treatment was used to induce a primary immune response; a second KLH challenge was performed at three months post the first KLH immunization to induce a secondary immune response. In steady state, treatment with 20 mg/kg PQ reduced the level of serum total IgG, but not that of IgM; treatment with 20 mg/kg PQ decreased the number of effector and memory lymphocytes, but not naïve or inactivated lymphocytes. During the primary immune response to KLH, treatment with 20 mg/kg PQ did not influence the proliferation of lymphocytes or expression of co-stimulatory molecules. Instead, treatment with 20 mg/kg PQ increased the apoptosis of lymphocytes at late stage, but not early stage of the primary immune response. During the secondary immune response to KLH, treatment with 20 mg/kg PQ reduced the serum anti-KLH IgG and KLH-responsive CD4 T cells and B cells. Moreover, effector or activated lymphocytes were more sensitive to PQ-induced apoptosis in vitro. Treatment with 2 mg/kg PQ did not impact memory immune response to KLH. Thus, treatment with 20 mg/kg PQ increased apoptosis of late stage effector cells to yield less memory cells and thereafter impair memory immune response, providing a novel understanding of the immunotoxicity of PQ.
Introduction
Paraquat (PQ) is a highly toxic non-selective herbicide that is widely used throughout the world. PQ is known to causes damage to numerous organs including the lung, brain, kidney, heart, liver, and immune system [1] [2] [3] . Thus, the toxicities of PQ have been broadly investigated [1] .
Although the immunotoxicities of PQ are complex, PQ is a confirmed toxicant to both innate and adaptive immune system [3] . For instance, PQ impaired cytotoxic capacity of nature killer (NK) cells via induction of metallothionein in mice [4] . PQ toxicities to the lung and kidney included an increased level of pro-inflammatory cytokines such as interleukin 1β (IL-1β), IL-6 and tumor necrosis factor α (TNFα) [5] [6] [7] [8] [9] , indicating that innate immune cells such as macrophages and neutrophils were activated by PQ exposure. In addition, PQ was reported to cause oxidative stress both in vivo and in vitro in that reactive oxygen species (ROS) and malondialdehyde (MDA), a product of lipid 2 of 13 peroxidation, were increased during PQ exposure [1, [10] [11] [12] [13] . Likewise, PQ was also reported to influence adaptive immune response. For instance, although both increased and decreased levels of serum immunoglobulin (Ig) were reported, most studies suggest that PQ might have a suppressive effect on Ig production [14] [15] [16] [17] . Similarly, numerous studies indicated that PQ increased the number of lymphocytes, while others reported that PQ reduced the number of lymphocytes [14, 18, 19] . Thus, although some studies suggest that PQ might suppress cellular and humoral immunity, it seems that a couple of factors including the dose of PQ, strains and time and routines of PQ exposure may significantly influence the effects of PQ on adaptive immunity.
During a primary immune response to a CD4 T cell-dependent antigen, CD4 T cells become activated, and thereafter they proliferate and differentiate to generate more effector CD4 T cells [20] . During the primary immune response, portions of effector CD4 T cells will be eliminated via apoptosis to avoid autoimmunity, while portions of activated CD4 T cells will become memory CD4 T cells that are more efficient in activation after encountering identical antigens in the future [21] . Thus, it is suggested that memory lymphocytes might be generated at the late stage of a primary immune response [20] . Similar process also occurs in vivo for induction of memory B cells in response to antigens; CD4 T cells, in particular CD4 T follicular cells play an essential role in this process [22] . Obviously, induction of memory immune responses is crucial for host defense against pathogens [23] .
Although a variety of studies have been performed to investigate the effects of PQ on immunity [4, [14] [15] [16] [17] [18] [19] , to date, the influence of PQ on memory immune response remains incompletely understood. Previously, we performed numerous studies to elucidate the neurotoxicity and lung toxicity of PQ [11, [24] [25] [26] [27] [28] . In this study, we hypothesized that PQ might impair memory immune response. We performed a group of experiments that directly tested the memory immune responses to the antigen keyhole limpet hemocyanin (KLH) during PQ exposure. We found that PQ impaired memory immune response to KLH likely due to increased apoptosis of effector CD4 T cells and activated B cells at the end of the primary immune response, which is a previously unknown toxicity of PQ to the immune system.
Materials and Methods

Animals, PQ Treatments and KLH Immunization
Wild-type C57BL/6 (B6) mice at 6 to 8 weeks (wks) of age were purchased from Shanghai SLAC Laboratory Animal Co Ltd., China. Males and females were equally used. Mice were housed in a specific pathogen free animal facility with an artificial 12-hour (hr) light on/off cycle, a constant temperature (23 • C) and humidity (30%) at Fudan University. 6 mice were housed per cage with free access to water and food ad libitum; males and females were housed separately.
PQ was purchased from Sigma (St Louis, MO, USA). Mice were subcutaneously injected with 2 mg of PQ per mouse body weight (mg/kg), 20 mg/kg or PBS as vehicle control every three days for two weeks. At day 4 post the initial PQ treatment, portions of mice received a subcutaneous injection of KLH (5 mg/kg, Sigma) or complete Freund adjuvant (CFA, Sigma) as vehicle control for induction of a primary immune response. At 3 months post the last PQ injection, mice received a second KLH (5 mg/kg) or CFA to induce a memory immune response.
The doses of PQ and KLH used for this study were bases on the previously published literatures [29] [30] [31] . During the whole period of our study, no differences of general appearance, body weight, and water and food intake were observed by PQ exposure.
This study was approved by the ethics committee of animal use at Fudan University. All animals were operated at a minimal level of suffering during the whole period of study.
Flow Cytometry and Antibodies
Single cell suspensions were prepared from mesenteric lymph nodes (LN) and spleens after erythrocytes were lysized with an ammonia-based buffer. Briefly, we placed the LN and spleens in Petri dishes containing ice-cold PBS and then used 2 glass slides to rub the organs to make single cell suspensions. The single cell suspensions were spun down and the supernatants were discarded. After that, 1 mL of erythrocytes lysis buffer comprised of 8 g/L NH 4 Cl and 100 mg/L KH 2 PO 4 was added into each sample. The cells were mixed thoroughly and then incubated at room temperature (RT) for 5 minutes (min). After that, 10 mL of PBS was added to each sample and gently mixed. The cells were spun down and supernatants were discarded. The cells were re-suspended in PBS containing 5% fetal bovine serum (FBS) (4 ml for each sample). Then the cell concentrations were counted with an automatic cell counter (Nexcelon). The total number of cells of LN and spleens were comparable between PQ-treated mice and control mice. Antibodies included CD44-PB (1M7), CD62L-PerCP (MEL-14); CD3-FITC (17A2), CD3-PB (17A2), CD4-APC (GK1.5), CD19-FITC (6D5), CD19-PE-Cy7 (6D5), CD80-PE (16-10A1); CD40-PE (3/23), ICOS-PE (7E.17G9), CD154-PE (MR1), OX40-PE (OX-86) and 7AAD (Biolegend, San Diego, CA); I-A-FITC (G155-178), rat IgG isotype-FITC, unconjugated anti-CD16/32 (2.4G2) (Fc block, BD Biosciences, San Jose, CA); Ki67-FITC (SolA15), Ki67-PE (SolA15), Annexin V-FITC (VAA-33) and active caspase-3 staining kit (Invitrogen, Waltham, MA). We placed 2 × 10 6 cells/sample for each staining. Fc block was used to incubate with cells on ice for 20 min prior to surface staining. Surface staining was performed by incubating cells with antibodies on ice for 30 min in dark. Annexin V staining was performed by incubating cells with anti-Annexin V antibodies at RT in dark for 20 min in the presence of Annexin V binding buffer (Biolegend) after surface staining. Intracellular cleaved caspase-3 staining and nuclear Ki67 staining were performed after surface staining based on the protocols provided by the kits for intracellular staining and nuclear staining, respectively, which were purchased from BD Biosciences. Ki67 + cells were gated based on Fluorescence Minus One (FMO) controls. Cells were analyzed with an LSRFortessa instrument (BD Biosciences) and data were analyzed with a FlowJo software (FlowJo LLC, Ashland, OR, USA).
Enzyme-Linked Immunosorbent Assay (ELISA)
Mouse IgM and IgG ELISA kits were purchased from Biolegend to quantify serum IgM and IgG, respectively. Protocols were according to the instructions provided by the manufacturer. Briefly, goat anti-mouse IgM µ chain specific antibodies or goat anti-mouse IgG γ chain specific antibodies (1 µg/100 µL coating buffer/well) were coated in ELISA plates as capture antibodies. Then the unconjugated capture antibodies were discarded and thereafter the plates were blocked with PBS containing 5% bovine serum albumin (BSA). After that, mouse serum (1:500,000 dilution) or standard mouse IgM or IgG were placed into each well in the plates and the plates were then incubated at RT for 2 hr. Horseradish peroxidase (HRP)-conjugated goat anti-mouse Ig whole molecule antibodies were used as detection antibodies. 3,3 ,5,5 -tetramethylbenzidine was used as substrate and 1 M sulphuric acid was used to stop the HRP-substrate reaction.
For detecting serum anti-KLH IgG, ELISA plate was coated with KLH (1 µg/100 µL in 0.1 M sodium bicarbonate buffer; Sigma). After blocking with 5% fish gelatin in PBS (Sigma), mouse serum (1:100 dilution) was used as primary antibodies. HRP-conjugated goat anti-mouse IgG Fc specific antibodies (Sigma) were used as detection antibodies. 3,3 ,5,5 -tetramethylbenzidine (Sigma) was used as substrate and 1 M sulphuric acid was used to stop the HRP-substrate reaction.
The plates were read for optical density (OD) 450 through a micro-plate reader (BioTek, Winooski, VT, USA).
In Vitro KLH Stimulation
Mice that had received the 1st KLH immunization or CFA were used for in vitro KLH stimulation assay. Splenic cells were harvested at 3 months post the last PQ injection prior to the second KLH injection in vivo. The splenic cells were cultured in vitro in 96-well plates with complete Dulbecco Modified Eagle Medium (DMEM) containing 20% FBS (Gibco) (10 6 cells/200 µL/well) in the presence of KLH (25 µg/mL) or CFA as vehicle control. After culture for 48 hr at 37 • C and 5% CO 2 , the cells were evaluated for proliferative CD4 T cells and B cells by detecting their nuclear expression of Ki67 [32] . 
Statistics
Data were presented as mean ± standard deviation. Because no sex differences were observed, data from males and females were pooled for analyses. Data were first compared using one-way ANOVA. If there was a significant difference, pos-hoc Student-Newman-Keuls test was used to compare different groups. p < 0.05 was used as the level for a significant difference.
Results
PQ Reduced the Level of Serum IgG and Selectively Decreased the Number of Effector and Memory Lymphocytes during Steady State
To investigate the effects of PQ on memory immune response, we first quantified serum IgM and IgG in mice after exposure to PQ for 2 wks. Treatment with 20 mg/kg PQ reduced the level of serum IgG, but not that of serum IgM ( Figure 1A ). Further analyses indicated that treatment with 20 mg/kg PQ reduced the number of effector CD4 T cells (CD3 + CD4 + CD44 + CD62L − ) and memory CD4 T cells (CD3 + CD4 + CD44 + CD62L + ), but not that of naïve CD4 T cells (CD3 + CD4 + CD44 − CD62L + ) in the LN and spleen ( Figure 1B) . Moreover, treatment with 20 mg/kg PQ decreased the number of activated B cells expressing high level of MHC-II (I-A hi ) [33] and memory B cells expressing CD80 [32, 34] , but not that of the less activated B cells expressing low level of MHC-II (I-A low ) [33] in the LN and spleen ( Figure 1C) . Thus, treatment with 20 mg/kg PQ could potentially impair memory immune response.
PQ Impaired Memory Immune Response to KLH
To test whether PQ impaired memory response during an antigen challenge, we immunized the PQ-treated mice with KLH, a known CD4 T cell-dependent antigen that has been broadly used to induce an adaptive immune response [31, 35] . At 3 months post the last PQ injection without the second in vivo KLH challenge, splenic cells were isolated and then cultured in vitro in the presence of KLH to test the proliferation of KLH-responsive CD4 T cells and B cells. As predicted, compared to the control mice, mice treated with 20 mg/kg PQ had less KLH-responsive CD4 T cells during KLH challenge in vitro (Figure 2A,B) . Accordingly, mice treatment with 20 mg/kg PQ also had less KLH-responsive B cells during KLH challenge in vitro ( Figure 2C,D) . To directly test the effect of PQ on the memory immune response to KLH, we challenged the PQ-treated mice that had received the first KLH immunization with a second KLH treatment, and thereafter measured serum KLH-specific IgG production. As shown in Figure 2E 
PQ Did Not Influence the Proliferation of CD4 T Cells and B Cells during the Primary Immune Response to KLH
Upon stimulation by a CD4 T cell-dependent antigen during a primary immune response, CD4 T cells and B cells become activated and proliferate to generate more cells [20, 22] . We next asked whether the reduced number of effector and memory lymphocytes by PQ was due to suppressed proliferation at early stage of activation. To test this, we measured proliferation of CD4 T cells and B cells in LN and spleen at day 4 post the 1st KLH immunization during PQ exposure, based on their nuclear expression of Ki67 as we previously reported [32, 36] . We found that KLH induced CD4 T cell proliferation in LN and spleen; PQ did not influence the proliferation of CD4 T cells stimulated by KLH (Table 1) . Likewise, KLH also drove the proliferation of B cells in the LN and spleen, and PQ treatment did not influence this process (Table 1) . We therefore concluded that PQ did not affect the proliferation of lymphocytes during the primary immune response. 4.5 ± 0.9 7.5 ± 2.1 * 4.8 ± 0.4 6.9 ± 1.1 * 5.1 ± 0.6 7.5 ± 1.0 * 3.3 ± 0.9 5.3 ± 0.6 * 3.6 ± 0. 
PQ Did Not Influence the Expression of Co-Stimulatory Molecules between CD4 T Cells and Antigen Presenting Cells (APC) during the Primary Immune Response to KLH
Full activation of CD4 T cells requires the interaction of numerous co-stimulatory molecules between CD4 T cells and APC, which may influence the formation of memory immune response [37] . We therefore measured the expression multiple co-stimulatory molecules on CD4 T cells and APC in the LN and spleen after primary response to KLH during PQ exposure. At day 4 post KLH immunization, CD4 T cells had increased surface expression of OX40, ICOS and CD154 in the LN and spleen, and PQ did not affect their expression (Table 1 ). In addition, mice treatment with PQ or vehicle control had identical increased surface expression of MHC II and CD40 in B cells in the LN and spleen after KLH immunization (Table 1 ). Mice treated with PQ or vehicle control also had comparable increased surface expression of MHC II, CD80 and CD40 in DC in the LN and spleen during primary immune response to KLH (Table 1 ). These data indicate that PQ impairment on memory immune response was not due to the altered expression of co-stimulatory molecules in immunological synapse.
PQ Induced Apoptosis of CD4 T Cells and B Cells at Early Stage, but not at Late Stage of the Primary Immune Response to KLH
During the primary immune response, naïve CD4 T cells and B cells become activated and thereafter differentiate into effector cells, which eventually may die or give rise to memory cells [20, 22] . We asked whether the reduced number of memory cells by PQ was associated with increased apoptosis of activated cells during a primary immune response. To test this hypothesis, we measured the apoptosis of CD4 T cells and B cells at different time points during the primary immune response to KLH. Interestingly, treatment with PQ did not influence the apoptosis of CD4 T cells at day 4 post the KLH immunization, while treatment with 20 mg/kg PQ increased the apoptosis of CD4 T cells at day 7 and day 9 post the KLH immunization in the LN and spleen, based on their surface expression of Annexin V and cytosolic active (cleaved) caspase-3 ( Figure 3A,B) . Consistently, treatment with 20 mg/kg PQ increased the apoptosis of B cells in the LN and spleen at day 7 and day 9, but not day 4 post KLH immunization, based on their surface expression of Annexin V ( Figure 3C ). Hence it is likely that PQ selectively drove late stage effector cells, but not early stage of effector cells, to die during a primary immune response. 
PQ Preferentially Promoted the Apoptosis of Effector CD4 T Cells and Activated B Cells
apoptosis based on their surface expression of Annexin V. We notice that treatment with 150 μM PQ increased the apoptosis of effector CD4 T cells, but not that of naïve or memory CD4 T cells (Figure 4A). Moreover, treatment with 150 μM PQ drove the apoptosis of I-A hi B cells, but not that of I-A low or memory B cells (Figure 4B). Therefore, PQ preferentially drove the apoptosis of effector CD4 T cells and activated B cells relative to naïve and memory cells.
Discussion
In this study, we revealed that PQ impaired memory immune response to KLH. Specifically, PQ preferentially induced apoptosis of effector or activated CD4 T cells and B cells at late stage during a primary response, possibly causing a reduction of memory cell generation.
Treatment with high dose of PQ (20 mg/kg) selectively reduced the level of serum IgG, but not that of IgM, indicating that PQ might potentially affect memory immune response. The reduction of serum anti-KLH after the 2nd KLH challenge by PQ exposure demonstrated that PQ impaired the memory immunity in response to an antigen. Typically, memory immune cells might be derived from activated or effector cells during the primary immune response [20, 22] . The PQ treatment was only performed during the period of primary immune response to KLH, indicating that the impaired memory response observed during the 2nd KLH challenge was due to the event occurring during period of memory immune cell generation.
Multiple factors can influence the formation of memory immune CD4 T cells and B cells [20, 22] . During an immune response, CD4 T cells become activated after signaling provided by APC, and thereafter these CD4 T cells proliferate to differentiate into effector cells [20] . Based on the observation that CD4 T cells and B cells had identical proliferation, and CD4 T cells and APC had comparable surface expression of co-stimulatory molecules at the early stage of the primary immune response to 
Multiple factors can influence the formation of memory immune CD4 T cells and B cells [20, 22] . During an immune response, CD4 T cells become activated after signaling provided by APC, and thereafter these CD4 T cells proliferate to differentiate into effector cells [20] . Based on the observation that CD4 T cells and B cells had identical proliferation, and CD4 T cells and APC had comparable surface expression of co-stimulatory molecules at the early stage of the primary immune response to KLH, it is likely that PQ did not influence the activation of CD4 T cells. Therefore, it is possible that PQ interfered the events occurring at the late stage of the primary immune response to KLH. At the late stage of a primary immune response, it is possible that the fate of effector cells is to die or become memory cells [20, 38] . Interestingly, PQ drove the apoptosis of CD4 T cells and B cells at day 7 and 9, but not at day 4 during the primary immune response to KLH, indicating that PQ preferentially induced the apoptosis of lymphocytes at the late stage, but not at the early stage of an immune response. Thus it is likely that PQ caused more late stage effector CD4 T or activated B cells to die, leading to a decreased proportion of them to differentiate into memory cells. This is also supported by the observation that PQ reduced the number of effector CD4 T cells and activated B cells in steady state and preferentially increased the apoptosis of effector CD4 T cells and activated B cells (I-A hi ) in vitro.
PQ was reported to drive the apoptosis of various types of somatic cells both in vivo and in vitro [39] [40] [41] . In the process, dysfunction of mitochondria and induction of ROS were suggested to be critically involved [42] . Thus, it is possible that PQ might preferentially cause apoptosis in cells that are more prone to ROS production. In steady state, immune cells may possess certain level of ROS to maintain their basic physiological activities, and upon stimulation, immune cells may increase the expression of ROS in response to environmental stressors [43] . However, relative to naïve CD4 T cells and memory CD4 T cells, albeit more activated, effector CD4 T cells have a relatively lower level of oxidative state [43] . Thus, PQ-induced apoptosis that preferentially occurred in effector CD4 T cells might be independent of the level of ROS. Interestingly, naïve CD4 T cells preferentially use apoptosis to die in vivo, while activated or effector CD4 T cells preferentially use necroptosis or autophagy to die in vivo [44] . Indeed, PQ was reported to induce autophagy [45] . Thus, it is possible that PQ activated autophagy pathway to drive apoptosis of effector CD4 T cells, which might be considered as an intrinsic pathway for cellular apoptosis. The intrinsic difference of death pathway preferred by naïve and effector CD4 T cells might be the reason for their differential responses to PQ-induced death, although the mechanism remains to be elusive.
PQ is known to cause pulmonary fibrosis, and therefore one limitation of this study was that the lung toxicity in mice after treatment with PQ was not evaluated. In addition, because CFA is an immunomodulator, we did not include a real negative control for the KLH immunization experiment, which was another limitation for this study.
Conclusions
In conclusion, we found that PQ preferentially induced the apoptosis of late stage effector cells during a primary immune response, possibly resulting in less proportion of them to differentiate into memory cells and the concomitant impaired memory immune response. Our findings may contribute to the current literature on PQ toxicity. 
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